Pyroglutamyl aminopeptidase I (PAP-I, EC 3.4.19.3) is a typical cytosolic cysteine peptidase, displaying ubiquitous tissue distribution, which hydrolytically removes the L-pyroglutamate (L-pGlu) residue from the amino terminus of LpGlu proteins and peptides.
On the other hand, PAP-I is very sensitive to structural changes of L-pGlu residue. Tsuru et al. 4) reported that PAP-I is not capable of hydrolyzing the L-Pro-X bond. Capecchi et al. 6) reported that increasing the pGlu ring size from 5 to 6 members eliminates the ability of PAP-I to cleave the adjacent peptide bond. Moss et al. 7, 8) reported that substitution of the NH group on the L-pGlu ring for an Nx group where x is an acyl group (N-CO-R 1 ) or Mannich base (N-CH 2 N-R 2 -R 3 ) confers complete resistance to PAP-I hydrolysis. One notable exception is that PAP-I recognizes the moiety of 2-oxoimidazolidine-4-carboxylic acid (OICA), in which a carbon atom at the 4-position of the pGlu moiety is replaced by an NH group. 6) Recently, we found in dogs that PAP-I hydrolyzes the amide bond of 4(R)-N-(2-nitroxyethyl)-2-oxothiazolidine-4-carboxamide (RS-7897), an organic nitrate under development, and removes a L-2-oxothiazolidine-4-carboxylic acid (L-OTCA) residue from the parent compound.
9) L-OTCA is a compound which has a sulfur atom instead of a carbon atom at the 4-position of L-pGlu. It is well known as a latent sulfhydryl group and is easily converted to L-cysteine by 5-oxoprolinase. 10) These results suggest that substrate recognition of PAP-I might not be strictly rigid as to the replacement of the carbon atom at the 4-position of the L-pGlu moiety.
In the present study we investigated the substrate specificity of PAP-I toward several organic nitrates and L-pGlu-LAla analogues using recombinant mammalian PAP-Is 5) and an antibody raised against rat PAP-I. 5) We demonstrated that xenobiotic compounds, which contain modified L-pGlu residues having a sulfur atom, an oxygen atom or an NH group instead of the carbon atom at the 4-position of the LpGlu moiety, can serve as substrates for PAP-I.
MATERIALS AND METHODS
Chemicals L-OTCA, L-pGlu, rabbit IgG and L-pGlu-LAla were obtained from Sigma Chemical Co. L-2-Thioxo-4-thiazolidinecarboxylic acid (L-TTCA) was obtained from Aldrich Chemical Company. All other reagents and solvents used were of commercially available, guaranteed grade.
Test Compounds RS-7897, aminoethylnitrate hydrochlo-
were synthesized as previously described.
9,11) L-2-Oxooxazolidine-4-carboxylic acid (L-OOCA, melting point (mp: 116-117°C) and L-OICA (mp: 178-179°C) were synthesized according to the methods of Falb et al. 12) and Shiba et al., 13) respectively. L-TTCA-AEN (mp: 128°C), L-pGlu-AEN (mp: 85-86°C) and L-OOCA-AEN (mp: 102-103°C) were synthesized from L-TTCA, L-pGlu and L-OOCA, respectively, according to the method of Ishihara et al. 5-carboxylic acid with L-alanine t-butyl ester HCl salt using diphenyl phosphoryl azide in the presence of triethylamine. The benzyloxycarbonyl group was removed by hydrogenation and the t-butyl group was catalyzed by acid to form carboxylic acid. The structures of the compounds comprising the substrates tested are shown in Fig. 1 .
Kinetic Analysis of Hydrolysis of Synthesized Organic Nitrates and L-pGlu-L-Ala Analogues
Rat, mouse and human PAP-Is functionally expressed by Escherichia coli as previously described 5) were used as the enzyme source. The enzymatic kinetic parameters, K m and V max values, for enzyme-catalyzed hydrolysis of synthesized organic nitrates and L-pGlu-L-Ala analogues were estimated by Eadie-Hofstee plot. To calculate K cat , the subunit molecular weights of the recombinant rat, mouse and human PAP-I were used and the values are 23324, 23345 and 23549, respectively. Potassium phosphate buffer (10 mM, pH 7.4) containing 1 mM dithiothreitol (DTT) and the substrate at varying concentrations (0.02-4 mM or 0.005-1 mM) in a total volume of 40 ml was preincubated at 37°C for 2 min, and the reaction was started by the addition of 10 ml of the enzyme solution. After incubation of the mixture for 5 min at 37°C, the reaction was stopped by the addition of three volumes of acetonitrile containing 2 mM of L-2-APN · HCl, AEN · HCl or OTCAd 3 as the internal standard for the determinations of AEN, L-2-APN and D-2-APN, or L-pGlu, L-OTCA, L-OOCA and L-OICA, respectively, by LC tandem mass spectrometry (LC/MS/MS). The mixtures were centrifuged at 20000ϫg for 2 min at 4°C and the supernatants were stored at 4°C until analysis. The concentrations of AEN, L-OTCA, L-2-APN and D-2-APN produced from the synthesized organic nitrates and the concentrations of L-pGlu, L-OTCA, L-OOCA and L-OICA produced from L-pGlu-L-Ala analogues were determined as described later. In a separate experiment it was confirmed that all of the products were stable during the testing period.
Effect of Antibody on RS-7897-Hydrolyzing Activity Rat and mouse liver cytosols were prepared as previously described. 5) Human liver cytosols were purchased from the International Institute for the Advancement of Medicine (IIAM). Polyclonal antibody against rat PAP-I recombinant protein was raised in rabbits as reported previously. 5) Each animal liver cytosol in 10 mM potassium phosphate buffer (pH 7.4) was preincubated on ice for 0.5-1 h with the appropriate concentration of the PAP-I antibody in the absence of DTT. RS-7897 was then added to a final concentration of 20 mM and the reaction mixture (50 ml) was incubated at 37°C for 5-30 min. After incubation, the reaction was stopped by the addition of three volumes of acetonitrile containing 1 mM of L-2-APN · HCl as the internal standard for the determination of AEN. The mixtures were centrifuged at 20000ϫg for 2 min at 4°C and the supernatants were stored at 4°C until analysis. In a separate experiment it was confirmed that the AEN produced was stable during the testing period.
Measurements Table 2 . The affinity of L-pGlu-L-Ala to rat PAP-I was more than seven times higher than those of L-OTCA-L-Ala, L-OOCA-L-Ala and L-OICA-L-Ala. The kinetic parameters of hydrolysis toward L-OTCA-L-Ala and L-OICA-L-Ala by rat PAP-I were almost the same. The affinity of L-OOCA-L-Ala to rat PAP-I was slightly lower than those of L-OTCA-L-Ala and L-OICA-L-Ala, however, the K cat value was higher. Both the affinity of RS-7897 to rat PAP-I and the K cat value were slightly lower than those of L-OTCA-L-Ala. Similar results were observed when mouse and human PAP-Is were used as enzyme sources.
RESULTS

Kinetic Analysis of Hydrolysis toward
Effects of Antibody against Rat PAP-I on L-pGlu-pNAand RS-7897-Hydrolyzing Activity The effects of the antibody against rat PAP-I on the hydrolysis of L-pGlu-pNA (20 mM) and RS-7897 (20 mM) as representative substrates containing L-pGlu and L-OTCA, respectively, were investigated in rat, mouse and human liver cytosols ( Table 3 ). The hydrolyzing activities toward L-pGlu-pNA and RS-7897 in rat and mouse liver cytosols were completely inhibited by the addition of the antibody at a concentration of 1 mgprotein/ml. The control rabbit IgG did not affect the hydrolyzing activities at all. The hydrolyzing activities toward 
K m and K cat values were determined as described in Materials and Methods. a) n.h.: not hydrolyzed. Table 2 . Kinetic Parameters of Hydrolysis by Rat, Mouse and Human PAP-Is toward L-pGlu-L-Ala Analogues and RS-7897 these substrates in human liver cytosol were decreased to 16.8% for L-pGlu-pNA and 3.7% for RS-7897 by the addition of the antibody at the same concentration.
DISCUSSION
We investigated the substrate specificity of PAP-I using recombinant rat, mouse and human PAP-Is toward several organic nitrates and L-pGlu-L-Ala analogues. We demonstrated that PAP-I allowed the replacements of the carbon atom at the 4-position of the L-pGlu moiety with a sulfur atom (L-OTCA), an oxygen atom (L-OOCA) or an NH group (L-OICA), as shown in Tables 1 and 2 , even though the affinities of the compounds containing these moieties to PAP-I were decreased compared to that of the L-pGlu-containing compound.
The substrate recognition mechanism has previously been studied using bacterial PAPs. 14, 15) Because the amino acid residues comprising the catalytic triad (Cys-His-Glu) are highly homologous between bacterial PAPs and mammalian PAP-Is, the mechanism in bacterial PAPs was thought to be functionally identical to that in mammalian PAP-Is. 16) Ito et al. 15) reported that the NH group and the oxygen atom of the L-pGlu moiety are necessary to form the hydrogen bond with the oxygen atom and the NH group of Gln71, respectively, of PAP in Bacillus amyloliquefaciens, and concurrently the LpGlu moiety is necessary for insertion into the hydrophobic pocket of PAP. These findings well explain the reason why PAP-I is strictly sensitive to the conversions of the NH group at the 1-position and the oxo moiety at the 5-position of the L-pGlu moiety for substrate recognition by PAP-I. It was thought that any unrecognized substrate by PAP-I could not form hydrogen bond with the catalytic region of PAP-I nor insert into the hydrophobic pocket of PAP-I. The carbon atom at the 4-position of the L-pGlu moiety was located in the hydrophobic pocket of PAP-I, 15) suggesting that compounds having L-OTCA, L-OOCA or L-OICA moiety could insert into the hydrophobic pocket of PAP-I. However, the affinities of the substrates having such L-pGlu variants to PAP-I were much lower than those having the LpGlu moiety. The relatively large molecular size of the sulfur atom or the hydrophilic nature of the oxygen and nitrogen atoms compared to the carbon atom at the 4-position of the L-pGlu moiety might interfere with the insertion of the moieties into the hydrophobic pocket of PAP-I.
There were no species differences with regard to the substrate hydrolyzing property of recombinant rat, mouse or human Table  2 . We had already clarified that the molecular and biochemical properties of recombinant rat, mouse and human PAP-Is were highly conserved by using L-pGlu-pNA as a substrate.
5)
Moreover, we strongly suggested that PAP-I is solely involved in the hydrolysis of the amide bond of the L-pGlu-or L-OTCA-containing compounds in rat and mouse liver cytosols, since the hydrolyzing activities toward these substrates in rat and mouse liver cytosolic fractions were both completely inhibited by the addition of the antibody against rat PAP-I.
A major obstacle to the application of peptides as clinical drugs is their poor biomembrane penetration and rapid enzymatic degradation. 8) The derivatization of bioactive peptides by L-OTCA may enhance the properties of absorption and biomembrane penetration compared to that by L-pGlu, because the L-OTCA moiety is more lipophilic than the L-pGlu moiety. Moreover, the intrinsic clearance of hydrolysis of the L-OTCA derivatives was much lower than that of the L-pGlu derivatives (see Tables 1, 2 ), suggesting that first pass metabolism of the L-OTCA derivatives would be much lower than L-pGlu derivatives.
L-OTCA has an interesting feature of intracellular L-cysteine delivery. 10) Recently, we have demonstrated in dogs that PAP-I hydrolyzes RS-7897 to produce active metabolite AEN and L-OTCA. 9 ) Supplying L-cysteine molecules via L-OTCA to vascular smooth muscle cells has been suggested to decrease the development of nitrate tolerance, which is one of the undesirable effects of organic nitrates. 11, 17) Furthermore, since L-OTCA is known as a very safe compound in humans, 10) it is conceivable that L-OTCA has a desirable property for derivatization of peptides and xenobiotics.
In conclusion, we found that PAP-I hydrolyzes L-pGlu variants containing heteroatoms instead of the carbon atom at the 4-position. We also postulated on the usefulness of L-OTCA, a latent sulfhydryl group, as a leaving group of prodrugs activated by PAP-I.
